Introduction
Hydrogen is a clean energy vector that has the potential to replace carbon-based fuels. However, due to a lack of efficient technologies for storage, its commercial application is still limited in mobile applications 6, 15, 26, 27 . Solid-state hydrogen storage gives an attractive volumetric storage density, however, there is a need to identify reversible hydrides which are mostly composed of lighter elements. Ternary compounds with perovskite structure (ABH 3 ) where H is the anion and A monovalent (alkali or alkaline earth metal) and B divalent (transition metal) are cations have attracted attention; particularly, magnesium and alkali elements due to their light-weight and relative abundance 12, 16, 19 .
Amongst the perovskite ternary hydrides, NaMgH 3 has stood out due to its relatively high theoretical volumetric and gravimetric hydrogen storage densities (88 kg/m 3 & 6 wt.%), and the ability to reversibly absorb and desorb H 2 2,3,18 . In addition, due to its superior hydrogen mobility, this perovskite structure is a promising material for future electronic devices due to its high ionic conductivity 16 . NaMgH 3 has an orthorhombic crystal structure similar to the GdFeO 3 type (Pnma space group) 1 . The desorption enthalpy ∆H (86.6 ± 1.0 kJ/mol H 2 ) and entropy ∆S (132.2 ± 1.3 kJ/ mol H 2 K) have been reported by Sheppard et al., showing that NaMgH 3 presents a lower thermodynamic stability in comparison to MgH 2 20,21 . Nevertheless, dehydrogenation temperature of the ternary hydride at approximately 400 °C is higher than the US DOE target for on-board H 2 storage for light-duty vehicles 14 . Therefore, there is a need to enhance the sorption kinetics and lower the decomposition temperatures of the ternary NaMgH 3 hydride.
It has been shown that sorption kinetics can be accelerated by the addition of catalytic additives, whereas thermodynamic properties can be modified by the formation of new alloys 4, 24 . For example, Chaudhary et. al. 4 reported lower onset decomposition temperatures after adding Si to NaMgH 3 . Hui Wu et. al. 24 studied the crystal chemistry of NaMgH 3 and reported that the perovskite crystal structure might be employed to synthesise new alloys with improved hydrogen storage properties 16, 24 .
Several techniques have been used for the synthesis of the ternary NaMgH 3 hydride. For instance, the reaction of the hydrides under high pressures 1 , cryo-milling and high-pressure H 2 sintering 13, 16, 20 , mechanochemical synthesis under H 2 8 , and Ar atmospheres 17 .Mechanochemical approaches are advantageous in comparison to other methods, because they reduce the grain size, hence accelerating the H 2 desorption kinetics of the hydrides 9, 10, 22 .
Furthermore, it has been established that replacing transition metal (B) with alkali/alkaline earth metal in the ABH 3 system can enhance gravimetric capacity when light metals (i.e. Li, Mg, Na) are incorporated 5, 7, [9] [10] [11] 17 23 . Both studies experimentally confirmed Xiao's DFT predictions.
Moreover, rehydrogenation of perovskite-type NaMgH 3 has been reported under 10 bar of hydrogen at 400 °C, from the decomposed phase of Na and Mg 8 . However, no reports related to the re-hydrogenation properties of quaternary Li x Na 1-x MgH 3 hydride were found and therefore, will need to be studied.
This paper describes the study of the synthesis, structural changes, thermal analysis and rehydrogenation properties of a 5 hours milled under argon alone Li x Na 1-x MgH 3 hydride with nominal compositions (x=0, 0.2, 0.5, 0.8), using a combination of experimental techniques (i.e. Ex-situ and In-Situ X-ray Diffraction, Differential Scanning Calorimetry, and Thermogravimetric Analysis); to the best of the authors' knowledge, synthesis of the hydride via mechanical milling under argon alone, has not been reported in previous investigations.
Experimental
Powders of MgH 2 (95% pure hydride phase and remainder 5% Mg; Sigma-Aldrich Inc.), NaH (95% pure; Sigma-Aldrich Inc.) and LiH (99.9% pure; Sigma-Aldrich Inc.) were mixed to obtain the following composition: Li x Na 1-x MgH 3 , (x= 0, 0.2, 0.5, and 0.8). Mixtures were placed in a 250 ml stainless steel vial with stainless steel balls diameter of 10 mm. The ball to sample mass ratio was 50:1. Samples were mechanically milled in a planetary ball mill apparatus (Retsch Planetary Ball Mill PM400) in 1 bar Ar for 10 hours (in total) at 400 rpm with intervals of 5 min of milling followed by 5 minutes' rest time to prevent decomposition of the samples due to overheating during milling. As-prepared samples were characterised by Ex-Situ powder X-ray Diffraction (XRD) with a Bruker D8 Advance diffractometer using Cu Kα (0.154nm) radiation, controlled by Diffract software. Samples were loaded in a domeshaped sample holder inside an argon-filled glove box and then transferred to the instrument for analysis. For the study of the structural changes, In-Situ X-ray diffraction (XRD) measurements were carried out using an Anton Paar XRK 900 reactor chamber. The patterns were collected from 30 to 430 °C in 3 bar Ar for dehydrogenation, and 10 bar H 2 for rehydrogenation. Samples were contained in a boron nitride sample holder, and a time of ~43 minutes was required to collect a diffraction pattern in the 5≤2θ(°)≤90 range for phase determination. Ex/In-Situ diffractions were analysed using EVA software (equipped with PDF -2 database). 28 Pseudo-Rietveld Refinement was performed using TOPAS Academic Software 29 with reference data obtained from the Inorganic Crystal Structure Database (ICSD). The background was modelled using a Chebyshev function. Peak shapes were fitted using the Pseudo-Voight function. The lattice parameters were adapted, following the atomic parameters. To obtain a more accurate fitting all points before 25 2θ(°) were excluded from the refinement.
Thermal analysis was carried out using a thermogravimetric system (Netzsch TG 209) working at a heating rate of 2 °C/min, under 40 ml/min flowing argon. Differential Scanning Calorimetry (DSC) analysis was performed using a (Netzsch DSC 204 HP Phoenix) in a temperature range of 25-430 °C. The heating rate was 2 °C/min, under 100 ml/min flowing argon at 3 bars constant pressure. All thermal analysis experiments were conducted inside and argon -filled glove box with purified argon of less than 5 ppm oxygen using alumina crucible covered with a lid.
Results and discussion

Formation and analysis of the perovskite-type system
Figure1 shows the XRD patterns of the ball milled Li x Na 1-x MgH 3 (x= 0, 0.2, 0.5, & 0.8). After 5 hours milling for the x=0 composition, peaks of NaMgH 3 phase can be identified which correspond to the orthorhombic (space group Pnma) perovskite-type structure. There are also unreacted peaks corresponding to NaH and MgO phases, the last can be related to oxidation due to the milling process. With the Li substitution x=0.2, a slight decrease of peak intensity in the main NaMgH 3 phase is observed and the same unreacted NaH phase is present, LiH is not observed, presumably because it reacted with NaH and MgH 2 mixtures on milling, leading to a lattice contraction in the main NaMgH 3 phase represented by a shift to a higher diffraction angles due to the smaller size of the Li cations (inset of Fig. 1 ). In the case of Li 0.5 Na 0.5 MgH 3, in addition to the main NaMgH 3 and NaH peaks , a new phase is formed after 5 hours milling corresponding to MgH 2. In the Li 0.8 Na 0.2 MgH 3 sample, NaMgH 3 and NaH along with MgH 2 phases can be observed. Neither in the x=0.5 nor in the x=0.8 samples LiH is detected. However, as a result of the shift to higher diffraction angles of the main NaMgH 3 phase (inset Fig.1 ), it is inferred that Li ions are incorporated into the crystal structure of the system as replaces Na 13 . Moreover, the NaMgH 3 phase of the 5 h milled mixtures with nominal compositions x = 0, 0.2, 0.5 and 0.8 show an intensity decrease as the amount of Li increases, whereas MgH 2 and NaH intensities increase. This effect suggests that substitution of Na by Li can be performed up to a certain point; in the case of this research it is experimentally determined to be x = 0.5, when we go beyond that amount (i.e. x = 0.8) the intensity of the main phase is substantially decreased and more intense peaks of unreacted phases can be observed. These events have been explained by Ikeda et. al. on the basis of the tolerance factor (t) calculations to predict the structure stability of ABX 3 perovskite-type hydrides. Ikeda et.al. reported that perovskite-type hydrides with stable structure are suggested to be within the range of tolerance factor (0.77 to 1.00) 8 . Therefore, in this investigation, Li x Na 1-x MgH 3 substituted samples with nominal composition x = 0, 0.2 and 0.5 lay within this range showing a unit cell decrease tendency (Fig. 2) , where it is evident that the sample containing Li x (x=0.8) substitution presents a different pattern, showing an increase in the cell volume since t value does not fall into the limit range.
In order to carry out a more accurate structural study, and to identify and quantify the phases of the Li x Na 1-x MgH 3 (x= 0, 0.2, 0.5, & 0.8) hydride samples, Rietveld Refinement has been performed. (Appendix A) shows the refinement of the structural parameters of all active phases in the system. Results for the lattice parameters and cell volumes are contained in Table 1 and compared to previous literature reports.
Lattice parameters obtained from the refinement significantly decrease as Li is added; Figure  2 presents the lattice parameters and cell volume of the 5 h milled Li x Na 1-x MgH 3 samples in function of the Li substitution. It is evident from the plot that as more Li is substituted into the sample, the cell volume decreases; this reaction can be described by the smaller Li + ionic size with respect to the replaced Na + ions. Nevertheless, when the addition of Li reaches x=0.8 there is a significant increase in the cell volume. Thermal analysis was conducted via DSC and TGA measurements in order to study the dehydriding mechanisms, thermal transitions and mass changes of the quaternary Li x Na 1-x MgH 3 (x=0, 0.2, 0.5, 0.8) hydride. In-situ XRD measurements were performed to give a better understanding of the decomposition reactions and phase changes. Figure 3 , illustrates the DSC and TGA curves of Li substituted (x=0, 0.2, 0.5, 0.8) samples. Fig. 3 (left) DSC curves of nominal composition Li x Na 1-x MgH 3 hydride system (x=0, 0.2, 0.5 and 0.8) heating rate of 2 °C/min from room temperature to 400 °C and cooling to 30 °C flowing 3 bar Ar at a rate of (100 ml/min) (right) TGA traces of nominal composition Li x Na 1-x MgH 3 hydride system (x=0, 0.2, 0.5 and 0.8) heating rate of 2 °C/min from room temperature to 400°C flowing Ar at a rate of (40 ml/min) 3.2.1.1 Li x Na 1-x MgH 3 (x=0)
For the sample with Li substitution x=0, two overlapped endothermic reactions can be observed from the DSC peaking at 369 °C and 390 °C, respectively. The first endotherm is attributed to the decomposition of the main NaMgH 3 phase into NaH and Mg, whereas, the second curve is related to the NaH decomposition; this corresponded to a total amount of H 2 released of 4.6 wt. % at around 410 °C (TGA). Figure 4 shows the in-situ XRD of the Li-containing (x=0) sample. At room temperature reflections of NaMgH 3 can be observed as one single phase. On heating to 330 °C, peaks of Mg and NaH are observed due to the decomposition of NaMgH 3 . At 400 °C, more intense diffractions of Mg along with (Mg and Na) oxides were detected. No traces of sodium metal were observed as would have been expected from the decomposition of NaH. However, we assume that Na reflections are present in the sample but become oxidised due to a small leak in the instrument, causing an oxidation layer on the surface of the sample preventing the detection of the Na. In order to confirm this assumption, ex-situ XRD was performed on the decomposed sample (Appendix B), where reflections of Na, Mg and some traces of MgO phases were detected.
Decomposition reactions obtained from the measurements performed suggest two steps dehydrogenation for the Li x Na 1-x MgH 3 (x=0) as shown in equations 1 and 2. Those results agree with previous reported data 10 : Figure 5 shows the In-situ XRD patterns for the Li x Na 1-x MgH 3 hydride with nominal composition (x=0.2). On heating, from room temperature to 300 °C, the only phase detected agrees with the NaMgH 3 pattern. At 330 °C, decomposition of NaMgH 3 is started, and new phases attributed to NaH, and crystalline Mg starts to form. When heating to 350 °C, reflections of NaH and Mg become more intense, and no traces of NaMgH 3 was observed, leading us to the conclusion that decomposition has occurred. At 400 °C, the remaining phases observed correspond to Mg metal and MgO. No evidence of lithium was detected during the decomposition process, although the peaks shift of the main phase (figure 5), suggest that Li ions, when substituted into the system, can cause the lattice and cell contraction of the sample. No traces of crystalline Na were detected as would be expected from the dehydrogenation of NaH phase after 350 °C. Therefore, ex-situ XRD measurements (Appendix B) were carried out on the dehydrogenated sample to investigate this effect. After performing the XRD was elucidated that Na was present in the sample, but due to an oxidation layer on the surface of the sample was not detected by the instrument.
Decomposition reactions of the Li 0.2 Na 0.8 MgH 3 follow the same two-step dehydrogenation as described above (equations 1 and 2).
Li x Na 1-x MgH 3 (x=0.5)
For the Li addition x=0.5 DSC traces (figure 3) show three endothermic peaks at 310, 348, 370 °C for the first, second and third decomposition respectively. No exothermic reactions were observed. The first curve is linked to the MgH 2 decomposition, the decomposition of NaMgH 3 phase into NaH and Mg is attributed to the second endotherm, and the final peak is related to the decomposition of NaH into Na along with Mg. The total amount of H 2 released accounts for 5.1 wt. %, from 270 to 380 °C (TGA). Figure 6 shows the reflections for the In-situ patterns of the Li 0. 5Na 0.5 MgH 3 . At 30 °C, peaks of the NaMgH 3 main face, in addition to MgH 2 , are detected. On heating up to 250 °C MgH 2 starts to decompose, therefore, small traces of magnesium peaks are perceived at this temperature range. At 330 °C, in addition to the sodium magnesium hydride, a new phase is formed, reflections attributed to NaH are detected corresponding to the decomposition of NaMgH 3 . MgH 2 patterns are no longer present showing decomposition of the extra magnesium present in the system. Some reflections related to magnesium and lithium oxide are also evident in this temperature range. On heating to 350 °C, sodium magnesium hydride has fully decomposed, since no peaks can be observed. Reflections of magnesium and sodium hydride show increased intensity and patterns for sodium and magnesium and lithium oxides become more evident. At 400 °C, only magnesium phase remains present, in addition to oxide peaks. No trace of sodium hydride or sodium metal was detected, while the lithium and magnesium oxide peaks become more intense and sharp. The absence of sodium peaks after sodium hydride decomposition might be explained by the increased intensity of the oxides upon heating. Furthermore, no traces of lithium hydride or metal were evidenced. However, it is inferred they are reacting into the sample due to the patterns shift detected during the heating process.
Ex-situ XRD was performed in the decomposed sample (Appendix B), to investigate the products after decomposition. Peaks related to Mg, Na and MgO were diffracted from the sample.
Decomposition reactions obtained from the measurements performed suggest a three step dehydrogenation for the Li 0.5 Na 0.5 MgH 3 as shown in equations 3, 4 and 5: NaMgH 3 +MgH 2 → NaMgH 3 +Mg+H 2 (3) NaMgH 3 +Mg+H 2 → NaH+2Mg+2H 2 (4)
3.2.1.4 Li x Na 1-x MgH 3 (x=0.8)
DSC and TGA for the Li 0.8 Na 0.2 MgH 3 exhibit a three stage desorption: the first desorption peak is at 314 °C, the second desorption peak is located at 332 °C, whereas the third desorption peak was centred at 350 °C. A total amount of 5.2 wt. % H 2 was released up to 380 °C. Figure 7 illustrates the In-situ XRD measurements for the Li 0.8 Na 0.2 MgH 3 hydride. NaMgH 2 and MgH 2 shift to higher 2 theta values on heating up from 30 to 275 °C. Increasing the temperature to 330 °C, the formation of magnesium was observed as a result of the decomposition of MgH 2 . Moreover, the intensity of NaMgH 3 was reduced and the evidence of NaH reflections was attributed to the decomposition of the NaMgH 3. On heating to 350 °C, NaMgH 3 reflections were no longer visible. No sodium or lithium peaks can be detected, only magnesium and oxides reflections were observed when heating up to 400 °C. As previously discussed this effect is probably related to the oxidation of the sample during the heating preventing to detect sodium peaks after decomposition of sodium hydride in the case of sodium, as for the lithium it may be assumed that it was present due to the detection of lithium oxide peaks. The decomposition reactions of the Li 0.8 Na 0.2 MgH 3 follow the same three step dehydrogenation as described above (equations 3, 4 and 5). Table 2 summarises the results experimentally gathered in this work for the DSC and TGA measurements. 
Rehydrogenation (In-Situ XRD)
After dehydrogenation of the Li substitutes hydrides with nominal compositions (x= 0, 0.2, 0.5, 0.8) into Na and Mg metals, samples were heated up to 400 °C under a 10 bar hydrogen atmosphere to investigate if NaMgH 3 phase can be reversibly formed. Figure 8 shows the in-situ XRD measurements of the Li x Na 1-x MgH 3 (x=0) sample. On heating from 30 to 100 °C traces of Mg, NaH and (Na and Mg) oxides were detected. On further heating to 200 °C the NaMgH 3 phase was detected, showing that the Li substituted (x=0) sample had been successfully rehydrogenated from Na and Mg. 25 , where was found that dehydrogenation enthalpy of perovskite-type NaMgH 3 can be lowered by the substitution of Na by Li, hence may result in a favourable modification of the thermodynamics.
Conclusions
The Li x Na 1-x MgH 3 samples with nominal composition (x=0, 0.2, 0.5, 0.8) were synthesised by mechanical milling under an inert (Ar) atmosphere and pressure: to the best of our knowledge, there are no previous reports of Li x Na 1-x MgH 3 preparation under argon alone. Decomposition reactions were investigated experimentally. It was found that both hydrides with Li substitution (x=0 and 0.2) decomposed in two-step reactions, NaMgH 3 → NaH + Mg + H 2 and NaH + Mg + H 2 → Na + Mg + 3/2H 2 . On the other hand, hydrides containing Li substitution (x=0.5 and 0.8) decomposed in a three-step reactions, NaMgH 3 + MgH 2 → NaMgH 3 + Mg + H 2, NaMgH 3 + Mg+H 2 → NaH + 2Mg + 2H 2 and NaH + 2Mg + 2H 2 → Na + 2Mg + 5/2H 2. Lattice parameters and cell volume of the samples decreased as the Li was introduced into the sample; due to the smaller ionic size of Li + , up to Li nominal composition (x=0.5), when adding Li (x=0.8) structure of the sample showed an increase in the cell parameters. The highest amount of hydrogen release was achieved with the Li 0.8 Na 0.2 MgH 3 hydride, where 5.2 wt. % H 2 was released from 252 to 408 °C. Nevertheless, the lowest peak desorption temperature was attained at 308 °C for the Li 0.5 Na 0.5 MgH 3 . Li substituted samples were reversibly formed under 10 bar H 2 at 200 °C for the Li x Na 1-x MgH 3 (x=0), 250 °C Li 0.8 Na 0.2 MgH 3 , and at 300 °C for the Li x Na 1-x MgH 3 (x=0.2) and Li 0.5 Na 0.5 MgH 3 from the decomposed Na and Mg metals.
